This paper presents the development and application of a hyper-spectral imaging system for root phenotyping. For sustainable plant production root systems optimized for growing conditions in the field are required. Therefore, the presented system is used for the research in the field of plant drought resistance. The system is used to acquire spatially resolved near infrared (NIR) spectroscopy data of rhizoboxes. In contrast to using visible light (380 nm-780 nm) the NIR wavelength range (900 nm-1700 nm) allows to discriminate essential features for the root segmentation and water distribution mappings. The increased image contrast in the NIR range allows roots to be segmented from soil and additional information, e.g. basic root-architecture, to be extracted. In addition, the water absorption bands in the NIR wavelength range can be used to determine the water content and to estimate the age of the roots. In this paper the hardware setup of the hyper-spectral root imaging system, the data analysis, the soil water content estimations and the root segmentation using different methods to optimize separation between roots and soil, both constituting complex materials of variable properties, are presented.
INTRODUCTION
In modern agriculture drought is a major cause of low yields worldwide. There is an urgent need for more water efficient cropping systems facing large water consumption of irrigated agriculture and high unproductive losses via runoff and evaporation.
1 Thus, a better understanding of the key functionality of roots can lead to a better management of agricultural ecosystems. The main objective of root measurement is to obtain new knowledge on key functioning of roots. The key challenges in root measurements are that often sampling is destructive, that roots show high spatio-temporal variability making sampling design difficult, the need for high throughput e.g. for screening genotypes in a breeding context. 2 An other important aspect is that the roots should be measured in their natural soil environment to obtain information not only on root architecture but also on root functioning. Therefore, imaging systems that enable to study the interactions between plant and soil are a way towards better crop water supply. Especially the water distribution in very close proximity of the roots, the so called rhizosphere, is of central importance. Within this research project a hyperspectral root imaging system for the acquisition of hyper-spectral NIR image data of rhizoboxes (see Fig. 1 ) was developed. The system is used as an imaging modality for research activities in the field of plant drought resistance. In contrast to imaging using visible light, hyper-spectral NIR imaging allows us to achieve a higher contrast between roots and the soil for a more reliable segmentation of the roots against the soil. Moreover, it is possible to visualize the water distribution in the soil and the roots. And it is possible to acquire time-lapse images to monitor changes in water distribution or water uptake over time. With the current setup a wide variety of different soil and crop combinations can be investigated. This imaging modality can deliver important information for the development of drought resistant crops.
Plant Roots

MATERIALS AND METHODS
The conditions at the soil-root interface are sometimes considerably different from those at a distance from the roots, and many researchers have been interested in studying the characteristics of this zone (rhizosphere) in relation to bulk soil. 3 To be able to study the soil-root interface it is necessary to cultivate the crops in rhizoboxes and measure the water distribution non-destructively.
Rhizobox system A rhizobox or root box system allows observation of root growth in a natural soil medium and over longer time spans.This enables to study different aspects of soil-root interactions like root growth, depth distribution and water distribution. Moreover, it is possible to sample different age classes or orders of roots. A rhizobox consists of a rigid frame and contains a layer of soil with a certain depth. The front face of the rhizobox consists of a transparent window. The backside is non-transparent and usually contains irrigation channels. During growth of the crops the glass window is covered and the rhizobox is mounted at an angle to ensure that the roots grow towards the glass window. The glass window makes it possible to study the inside of the rhizobox without the risk of dehydration of the roots and the soil during measurement. The rhizoboxes used for this work had a length of 1000 mm a width of 300 mm and a depth of 10 mm to 30 mm. For the different experiments a variety of soils was evaluated. For example field top soil (silt loam) was sieved to a particle size of smaller than 2mm and filled horizontally to a bulk density of 1.3 g/cm -3 . After filling the rhizoboxes were planted with one seed of durum wheat that was pre-germinated for 3 days at 20
• C. The plants were grown in a growing chamber equipped with LED illumination. Daylight was set to 14 hours and day-night temperature was 23
• C and 16
• C respectively. The rhizoboxes were stored at an 45 • angle. After approximately 60 days the roots of the plants reached the bottom of the rhizobox.
Hyperspectral Imaging (HSI) is the combination of machine vision with spectroscopy and comprises the acquisition, processing and classification of hyper-spectral images. 4 Compared to an RGB camera that captures three broadband channels, a spectral imaging system captures up to several hundred narrow band channels.
5
The increased spectral information makes chemometric analyses possible. For this application a spatial scanning SI approach was chosen. Spatial scanning HSI is more suitable for many high throughput applications. Instead of recording a two-dimensional image like a wavelength-scanning HSI, a line across the sample, perpendicular to the direction of the relative movement, is projected into an imaging spectrograph. The spectral information for each pixel along this observation line is projected along the second axis of the two-dimensional detector chip. The spectral encoding can be provided by an imaging spectrograph (see Fig. 2 ). Since the spatial information along the line is retained, the images contain the spatial information along the first axis and the full spectral wavelength information along the second axis. 6 The spectral and the first spatial dimension are simultaneously acquired, while the second spatial dimension is recorded sequentially due to the movement of the sample relative to the HSI sensor. The HSI data acquisition process produces a three-dimensional dataset with two spatial The individual strides have then to be combined to a registered dataset. For a rhizobox with the dimensions of 1000 mm by 300 mm, 10 strides have to be acquired. Each stride has a pixel size of 320 pixel by 10000 pixel.
MEASUREMENT SETUP
The hyperspectral root imaging system consists of a hyperspectral imaging sensor (see Fig. 3 ) and a 2D scan system. The hyperspectral imaging sensor consists of (i) a cooled 14-bit monochrome NIR camera (Xenics, BE) with a spectral range from 900 nm to 1700 nm, a pixel resolution of 320 pixel by 256 pixel and a frame rate of 100 Hz, (ii) an Imspector R N25E imaging spectrograph (Specim, FI) with a spectral range from 900 nm to 2500 nm and a spectral resolution of 5 nm (iii) and a halogen line illumination that is arranged in a +45
• /-45
• geometry. To scan the whole area of a rhizobox the imaging sensor has to be moved. This is done by the 2D scan system shown in Fig. 4 . The two axes of the scan system are tilted by an angle of 30
• to allow long term measurements. The rhizobox mount is adjustable to allow for measurements of rhizoboxes with different dimensions. For the Wavelength in nm calibration of the imaging sensor a white standard is mounted above the rhizobox. This white standard in combination with a dark standard is necessary to calibrate the acquired image data for inhomogeneities of the light source and defective pixels and electronic noise of the detector. 
RESULTS
The hyperspectral NIR root imaging system was evaluated with a variety of different soil substrates, ranging from fine sand to coarse, dark soils. The acquired hyperspectral datasets contain data with a spectral range from 900 nm to 1700 nm projected across 256 pixels. For evaluation, the spectral information is hence separated into 256 narrow-band images. In Fig. 5 normalized NIR reflectance spectra of different areas inside a rhizobox are shown. It is visible that young roots have a higher reflectance over the whole wavelength range than old roots and soil. At approx. 1450 nm a decrease in the spectral response is visible which is due to a water absorption band. Another water absorption band is visible in the spectra of the young roots in the spectral region from 1100 nm to 1300 nm. The high spectral resolution makes it possible to isolate information that is related e.g. to the water content. Moreover, due to the increased contrast in the NIR image the segmentation of the roots from the soil can be done more reliably than in the visible wavelength range. Especially for difficult cases like old roots on dark soil or young roots from bright sand. In Fig. 6 a NIR image of young roots in sand is shown at a wavelength of 1450 nm. Due to the enhanced contrast in the NIR image, the segmentation of the roots against the sand substrate is significantly improved. For water distribution measurements, a rhizobox with 8 soil layers was prepared. The soil layers were separated from each other and contained different amounts of water, ranging from 0.0 grams to 0.35 grams of water per gram of soil. Fig. 7 shows the two-dimensional distribution of the calculated water content. For the water content measurements it was necessary to derive the calibration curves for each substrate indi-vidually. The correlation between the measured signal intensity at 1450 nm and the gravimetric water content is shown in Fig. 7 . The error-bar plot shows a linear correlation between the reflectivity data and the gravimetric water contend. However, it is visible that two of the error-bars are slightly offset. This can be due to inhomogeneities in the water distribution inside the corresponding layers of the rhizobox. This means that the gravimetric water content was correct for the soil layer in the rhizobox but on the surface that was measured it was higher. A possible reason for this effect can be water condensation on the inside of the glass. It was also observed that soils with larger particle size or inhomogeneous composition may also lead to less precise optical water content measurements.
CONCLUSIONS & OUTLOOK
We presented a hyperspectral imaging system for the investigation of rhizoboxes containing roots and soil. The system was evaluated on a variety of different substrates and water contents. Initial results of the calibration measurements for the determination of the soil water content have been presented. The system has proven to be a valuable tool for the investigation of the water distribution within a rhizobox. The developed hyperspectral imaging system is now used at the University of Natural Resources and Life Sciences Vienna for the characterization of the root system architecture of agricultural crops. The goal is to find agricultural crops that are more efficient in their water uptake and also provide a high crop yield under environmental stresses such as drought. Future investigations will focus especially on the water distribution in very close proximity of the roots, the so called rhizosphere. We expect that the developed system will enable breeders to make a targeted choice of agricultural crop species with adequate root characteristics to improve their water uptake capacity and maximize their crop yield.
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